In this letter we present a morphological comparison between giant radio halos and radio mini-halos in galaxy clusters based on radio-X-ray luminosity, P 1.4 -L X , and radio luminosity-size, P 1.4 -R H , correlations. We report evidence that P 1.4 -L X and P 1.4 -R H trends may also exist for mini-halos: mini-halo clusters share the same region of giant halo clusters in the (P 1.4 , L X ) plane, whereas they are clearly separated in the (P 1.4 , R H ) plane. The synchrotron emissivity of mini-halos is found to be more than 50 times larger than that of giant halos, implying a very efficient process for their origins. By assuming a scenario of sporadical turbulent particle re-acceleration for both giant and mini halos, we discuss basic physical differences between these sources. Regardless of the origin of the turbulence, a more efficient source of injection of particles, which eventually takes part in the re-acceleration process, is required in mini-halos, and this may result from the central radio galaxy or from proton-proton collisions in the dense cool core regions.
Introduction
The intra-cluster medium (ICM) consists not only of hot gas emitting in X-rays but also of non-thermal components. The major evidence for this comes from observations in the radio band where Mpc-scale diffuse synchrotron emission from the ICM is detected in a number of clusters (e.g. Feretti 2005; Ferrari et al. 2008) , indicating the presence of relativistic electrons and magnetic fields. These radio sources are generally referred to as giant radio halos when located at the cluster center and radio relics when located at the cluster periphery. There are also some examples of diffuse radio emission on smaller scales (∼ 200-500 kpc), referred to as mini radio halos, extending around powerful radio galaxies at the center of some cool core clusters, i.e., clusters characterized by a very peaked surface brightness profile and short central cooling time formerly known as 'cooling flow' clusters (e.g. Peterson & Fabian 2006) . Galaxy clusters hosting giant halos are found to always be characterized by a peculiar dynamical status indicative of very recent or ongoing merger events (e.g., Buote 2001; Schuecker et al 2001) , whereas clusters hosting mini halos are characterized by a cool core, with or without signs of moderate dynamical activity. Several statistical studies reveal that radio halos are not common in clusters (Giovannini et al. 1999; Kempner & Sarazin 2001; Venturi et al. 2008; Brunetti et al. 2007; Cassano et al. 2008) ; instead, the statistics for mini halos is much poorer.
The main difficulty in understanding the origin of the synchrotron emitting electrons in both giant halos and mini halos is related to the fact that the diffusion length of the relativistic electrons is much shorter than the typical scale of the radio emission (e.g., Brunetti 2003) . Therefore both giant halos and mini halos Send offprint requests to: R.Cassano ⋆ e-mail: rcassano@ira.inaf.it cannot be explained in terms of simple diffusion of the relativistic electrons from one or more cluster radio galaxies. Two main possibilities have been proposed so far to explain the origin of both giant radio halos and mini radio halos: i) re-acceleration models, whereby relativistic electrons injected in the ICM are re-energized in situ by various mechanisms associated with turbulence in the ICM. Turbulence in radio halos is supposed to be generated by massive merger events (e.g., Brunetti et al. 2001; Petrosian et al. 2001) . In mini radio halos, a seed large-scale turbulence frozen into the flow could be amplified by the compression of the ICM in the cool core (Gitti et al. 2002 ; ii) secondary electron models, whereby the relativistic electrons are secondary products of the hadronic interactions of cosmic rays (CR) with the ICM (e.g., Dennison 1980; Blasi & Colafrancesco 1999 , Pfrommer & Enßlin 2004 . Although the properties of giant halos and mini halos are clearly different (different size, different dynamical state of the hosting clusters), it is not clear whether they are different astrophysical phenomena or if they might share similar physics. In this letter we carry out a morphological comparison between giant radio halos and mini radio halos aimed at studying the differences between their physical properties. We also consider the case of diffuse cluster sources with intermediate properties between giant halos and mini halos. To do this we investigate the presence of scaling relations between the main properties of these sources. A ΛCDM cosmol-
Selection of clusters with diffuse radio emission
We collect from the literature all clusters with well-studied giant radio halos and mini radio halos, as defined in the following.
• Giant radio halos (hereafter GHs): radio sources typically extended on Mpc scales found at the center of non-cool core clus-ters. We consider as belonging to this class all the diffuse radio sources larger than the core radius of the cluster. This is an important physical information relating the origin of these sources to physical processes taking place on cluster scales. We end up with 19 GHs, 15 of which have already been analyzed in Cassano et al. (2007, hereafter C07) , 3 come from a recent survey carried out with the GMRT: A 209, A 697 and RXCJ 2003.5-2323 , and 1 is a smaller halo found in A 3562 (Venturi et al. 2003; Giacintucci et al. 2005) , which extends however beyond the cluster core. The presence of recent or ongoing merger events is well-established in all clusters of galaxies hosting these GHs.
• Mini radio halos (hereafter MHs): radio sources with total size ∼ 140 − 500 h −1 70 kpc surrounding the central radio galaxy at the center of cool core clusters (hereafter CCCs; Tab. 1). Their size is comparable to that of the cooling region and smaller than the cluster core. For a long time, clusters hosting MHs have been identified with relaxed clusters based on the presence of cool cores at their center; however, signs of minor mergers and/or accretion of small subclumps have recently been detected in 5 clusters with MHs thanks to Chandra and XMM-Newton observations (Perseus: Churazov et al. 2004; A 2626 A : Wong et al. 2008 ; RX J1347.5−1145: Allen et al. 2002; Gitti & Schindler 2004 , Gitti et al. 2007a , 2007b A 2390 A : Allen et al. 2001 Z 7160: Mazzotta & Giacintucci 2008) . For completeness we also consider the case of smaller scale radio sources in some merging clusters: A 2218 and A 2142 (Giovannini & Feretti 2000) , and RXCJ1314.4-2515 ), which do not belong to the two classes above.
Observed scaling relations
There are several observed correlations for GHs that relate thermal and non-thermal properties of the ICM: those between the radio power at 1.4 GHz, P 1.4 , and the X-ray luminosity, L X , temperature, T , and cluster mass, M (e.g., Liang et al. 2000; Feretti 2000; Govoni et al. 2001; Cassano et al. 2006) . Additional correlations were also explored between P 1.4 and the size of GHs, R H , the total cluster mass within R H , and the cluster velocity dispersion (C07). C07 find a trend between R H and the cluster virial radius, R v , and show that all the other correlations explored so far can be derived by combining the R H -R v and P 1.4 -R H scalings. This suggests that there are essentially two main scaling relations that carry the leading information on the physics of nonthermal components. The statistical properties of MHs are less explored, indeed few objects are known to possess a MH and only a trend between P 1.4 and the maximum power of the cooling flow (estimated as P CF =Ṁ kT/µm p , ) has been found so far for this class of sources.
In Fig.1 we show the distribution of GHs in the (P 1.4 , L X ) 1 plane together with the correlation from Cassano et al. (2006) . The MHs are also reported in Fig.1 , where we find that they share the same region of GHs and that a possible P 1.4 -L X correlation also exists for MHs and is barely consistent with that of GHs. In Fig.1 we also report upper limits to the radio power of CCCs without detected MHs taken from the statistical sample of X-ray luminous clusters with deep radio follow up of Venturi et al. (2008) . These CCCs without MHs are all relaxed clusters with a central active radio galaxy. Limits were obtained following the approach given in Brunetti et al. (2007, hereafter B07) and lie one order of magnitude below the radio power of MHs. Despite the poor statistics, this suggest that MHs may not be common in CCCs.
In Fig. 2 we show the distribution of GHs in the (P 1.4 , R H ) plane, where R H is the radius of the emitting region (as in C07). Following the procedure in C07, we also derived R H for MHs from the radio images of these sources. We also find a trend between P 1.4 and R H for MH ( Fig. 2) with P 1.4 rapidly increasing in larger MHs. This trend, however, is not consistent with what is found for GH. The clear separation demonstrates the importance of exploring the distributions of these radio sources in different planes to distinguish between different radio sources and to investigate their physics and origins. In Figs. 1 & 2 we also report on A 2218, A 2142, and RXCJ1314. They are less luminous than GH (Bacchi et al. 2003) and MH in clusters with similar L X , and are located between GH and MH in the (P 1.4 , R H ) plane. They are in merging clusters and are smaller (smaller emitting volumes and thus radio powers) than GH, suggesting that they might be GH at an early evolutionary stage.
Basic interpretation of the observed scalings
In the case of GHs B07 found that 70% of clusters in the Venturi et al. (2008) sample are radio quiet, not showing Mpc scale synchrotron radio emission, and that the limits on their radio powers lie one order of magnitude below the correlation followed by clusters with GHs. They discussed that the bi-modality between radio quiet clusters and GH clusters is in line with the reacceleration scenario, in which turbulence powers up GHs only for a limited period during cluster mergers, and disfavors secondary models that would instead predict GHs that are much more common in galaxy clusters. Despite the poor statistics, MHs in Fig.1 show a behavior similar to that of GHs in B07. Furthermore, these MHs are characterized by non-relaxed cores, whereas the CCCs without MHs are all relaxed clusters. This might suggest that turbulence connected with merger activity could also play a role in the acceleration of electrons in MHs. More generally, turbulence necessary to trigger MHs could result from the amplification in the cool core of a seed turbulence present in the ICM (Gitti et al. 2002 , could be connected with the gas-sloshing mechanism in CCCs (Mazzotta & Giacintucci 2007 ), or could be driven by minor mergers (see also Gitti et al. 2007a ) that are common in CCCs with MHs (Sect. 2). Another possibility is that turbulence takes a small fraction of the energy released by the "bubbles" rising from the central AGN, and this can offset the cooling in most clusters (e.g., McNamara & Nulsen 2007). All 6 MH clusters indeed have an active radio galaxy at their center and 5 have cavities in the X-ray ICM. A detailed physical modeling of MHs in CCCs is beyond the scope of this letter, but we can derive some basic constraints here on their physical parameters. We find that, although emitting a similar radio power, the radius of MHs is typically a factor ≈ 4 smaller than that of GHs (see Fig. 2 ). This implies a synchrotron emissivity for MHs ≈ 50 times larger than that of GHs 2 . Regardless of the origin of the emitting electrons, the ratio between the synchrotron emissivity of MHs (ε MH ) and of GH (ε GH ) can be written aṡ
where n MH rel and B MH (n GH rel and B GH ) are the number density of radio emitting electrons (at the energy needed to emit the observed synchrotron radiation) and the mean value of the magnetic field strength within the MH (GH), respectively, and α is the radio spectral index of the synchrotron spectrum, which is similar in GHs and MHs (α ∼ 1.1 − 1.3, e.g., Feretti & Giovannini 2007) . The measure of B in the ICM is quite problematic and different methods often give different estimates. Faraday rotation measure studies generally found a few to 10 µG in non-CCCs and ∼ 10−30 µG in the central region of CCCs (Clarke 2004 , Govoni & Feretti 2004 , whereas methods based on inverse Compton emission found from ∼ 0.1 to µG (Fusco-Femiano et al. 2004; Sanders et al. 2005) . There is, however, agreement on the fact that the magnetic field at the center of CCCs is larger than that on the Mpc scale in non-CCCs.
A suitable assumption for the ratio (B MH /B GH ) in Eq.1 (with B MH >> B GH ) allows us to reproduce the observed ratio between the emissivities. However, the difference in terms of B cannot be the only cause of the large synchrotron emissivity in MHs. Indeed a large B in CCCs produces a fast cooling of relativistic electrons due to synchrotron losses (that make n MH rel smaller), and this implies the important point that a very efficient mechanism of injection and/or acceleration of relativistic electrons should also be active in MHs. 
whereε t is the turbulence injection rate, ǫ rel /ǫ th the ratio between the energy density of relativistic and thermal particles, and T the cluster temperature. We consider the case in which GH and MH have ν
, and f = 1 would imply that GH and MH have similar spectral index, in line with present observations. From Eqs. 35 and 36 in Cassano & Brunetti (2005) (in the case ǫ rel /ǫ th << 1)ε t ∝ β n th (T ν b /B) 1/2 (n th is the thermal gas density) and assuming ν MH b = f ν GH b , one can derive the ratio between the turbulence injection rate in the two populations of sources. A comparison between the energy injected in the form of magnetosonic waves (in unit of the thermal energy, ǫ t /ǫ th ) in GH and MH (assuming ǫ t =ε t ∆τ ≈ε t R H /c s , with ∆τ and c s being the injection time scale and the sound speed, respectively) is reported in Fig. 3 . This figure shows that the energetic request in the case of MH is comparable to that of GH provided that the magnetic field in CCCs is not significantly larger than ≈ 10 µG; in this case, ǫ t /ǫ th ∼ 0.1 − 0.3 is typically required to have ν b ≈ 1 GHz (Brunetti & Lazarian 2007) . with Eq.2 one finds the ratio between the synchrotron emissivities in GH and MH:
This implies that to understand the large differences in terms of emissivity (ε MH syn > 50ε GH syn ) observed between MH and GH an extra amount of relativistic (fossil) electrons that take part in the acceleration process in CCCs is necessary ( ǫ MH rel /ǫ GH rel ≈ 4-10 assuming B MH /B GH ≈ 3 − 6 and f ≈ 1). This extra amount of relativistic electrons may be provided naturally by the central radio galaxy or by the p-p collisions (CR protons and thermal protons) in the dense CCCs that may inject efficiently secondary electrons, to be re-accelerated during the activity of MH.
Conclusions
In this letter we have compared the observed properties of mini radio halos (MHs) and giant radio halos (GHs) in clusters of galaxies. GHs are the most prominent evidence of nonthermal components in the ICM and several correlations between thermal and non-thermal properties have been explored for these sources, including those relating P 1.4 to L X and to R H (e.g., Cassano et al. 2006 Cassano et al. , 2007 Brunetti et al. 2007 ). On the other hand, an extensive investigation of the statistical properties of MHs is presently not possible since only a few clusters host well-studied MHs.
We collected a sample of MH and compared their behavior with that of GHs in the (P 1.4 , L X ) and (P 1.4 , R H ) planes. We find that P 1.4 −L X and P 1.4 −R H trends may also exists for MHs. While in the (P 1.4 , L X ) plane MHs and GHs share the same region, in the (P 1.4 , R H ) plane MHs do not follow the same correlation of GHs at smaller radii, but are clearly separated. We find that the typical synchrotron emissivity of MHs is at least 50 times larger than that of GHs. This implies a very efficient mechanism at the origin of the emitting electrons in MHs. For completeness we also consider the few cases of smaller scale emission in non-CC (and without central radio galaxy) merging clusters. These sources are morphologically intermediate between GH and MH and may be GH at some early evolutionary stage.
The distribution in the (P 1.4 , L X ) plane of a small sample of CCCs with available radio observations suggests that MHs are not ubiquitous in CCCs, with upper limits for CCCs without diffuse radio emission well below the radio power of MHs in clusters with similar L X . Those CCCs without MHs also appear to be more relaxed than that with MHs. All these findings, if confirmed, would point in favor of sporadic turbulent re-acceleration as the origin of the emitting particles. In addition to the possibilities already explored in the literature (Gitti et al. 2002; Mazzotta & Giacintucci 2007) , minor mergers (see also Gitti et al. 2007a) and/or the central AGN outbursts may contribute to the injection of turbulence in the ICM of CCCs. By adopting this scenario, under the assumption that magnetosonic waves drive the particle acceleration process, we find that the larger synchrotron emissivity of MHs can be explained by assuming that the energy density of the relativistic particles that interact with turbulence is about one order of magnitude higher than in GHs, and that this does not necessarily imply a larger amount of turbulence in MHs. The extra amount of relativistic particles in these sources may be provided by the central cluster galaxy or by secondary electrons injected in the dense cool core region.
